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Abstract

The performance of human operators was investigated for varied
system parameters. A practical performance index was defined, and the
relation between the parameters and the performance index was found
for a range of values of the parameters. Several operators with different
control experience were tested, and it was found that human control
capability can be represented by a hyperbolic curve in the parameter
plane of gain and time constant. The result may be used in the design
of man-machine systems that anticipate some unusually difficult situa~-

tions which the operator may be required to deal with.
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INTRODUCTION

Several efforts have been made to determine the transfer function
of a human controller in a linear system. 1-4 Such efforts use linear
transfer functions--for various inputs to the system and for various
controlled elements-~to represent human controllers. Recently, efforts
have been initiated to find the time~-varying characteristics of human
controllers, especially the adaptability of controllers to certain para-
meter changes of the element to be controlled. > These recent efforts
are aimed at establishing more realistic transfer characteristics for human
operators, in order to meet the demands of more stringent designs. There
have also been studies of emergency conditions that may occur through

failure of some part of the system. 6

In the present study, an entirely different approach has been taken
in an attempt to evaluate the performance of human controllers in a closed
loop system. Instead of finding the transfer function of the operator by
the data obtained from system input and output, a performance index is
defined and the relation between it and the parameters of the controlled
element. By varying the parameters and measuring the corresponding
values of the performance index, experimental relations between these
quantities are obtained. In order to make the results as general as
possible, the task, the disblay, and the control maneuvers were made
simple enough for untrained operators to comprehend and execute. The
operators were required to compensate for an error signal induced by a

random input to the system.



Despite the individual differences in the operators' performances,
the constant-performance index curves obtained in the parameter plane
of gain and time constant of the controlled element are strikingly similar
in shape. This means that there is some factor common to the human
operator which may be measured and evaluated. Since a comparison of
operators reveals definite differences among individual operators, the
method considered here may be used as an evaluation of control performance
by a wider criterion, and may also be used to indicate limitations for ma-

chines to be controlled by human operators,



APPARATUS

The block diagram of the control system is shown in Fig. 1. The
controlled element was simulated by an analog computer. The transfer
function of the controlled element was given the following form:

__K
SZ(TS + 1)

The programming for this simulator is given (1)
in Fig, 2

The reason for selecting the third-order system is to make the system
unstable in itself, If an element of the second order were placed in
Fig. 1 as the controlled element, the system would be stable without
any control effort. Direct connection of error signal in Fig. 1 with the
controlled element would give a stable operation. If the controlled ele-
ment is of the third order, however, the human operator has to stabilize
the system, and for this he has to work as a compensator rather than a
simple amplifier. If the controlled system operates in a stable manner,
then the operator is a compensating, lead element that stabilizes the
system. It should be possible to determine just what kind of compen-
sating element the operator represents by using a performance index

and the system parameters T and K.

In the experimental setup, the operator manipulates a control
stick similar to the ones used in small airplanes. The maximum angle
of the stick is 30° from the vertical to either the right or left. The stick
is sustained by a weak spring which exerts a force of about 0.5 1b/30O

at the head of the stick.
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Since the movement of the control stick is limited as described,
we may consider this as a saturation element, as given in the block
diagram. The output of the stick is linearly converted into a voltage

signal and is applied to the analog simulator of the controlled element.

The display of error is made by a cathode ray oscilloscope, on
which the error signal is represented by a vertical line appearing on the
screen., The degree of error is shown by the distance of this line from
the reference line at the center of the scope. The function of the operator
is to keep the vertical line within given limits at all times. A random

input signal is applied to the system as described in the following section,




EXPERIMENTAL PROCEDURE

The random signal applied to the control system was approxi-
mated by the superposition of six sinusoidal functions with different
frequencies. The signal, of about three minutes' duration, was stored
in a magnetic tape and was fed into the system at the time of the test
run. The frequencies of the composite sinusoidal signals were 0.6, 1,
1.5, 2, 2.5, and 4.2 radians per second. All were of the same relative
amplitude. The random signal is similar to some used in investigations
by other methods. The power level was chosen arbitrarily to make the
error of the system exceed the limits specified by the performance index.

A sample record is given in Fig. 23.

The performance index was chosen as follows. Let the duration
time of a test be denoted by v as shown in Fig. 3a. Let an arbitrarily
chosen threshold of error be e, If the summation of time intervals
within which error signal |e' exceeds e, is denoted by Ty the perform-

ance index p is defined to be
p == . (2)

Obviously 0<p <1l. p = 0 means that the error is within the
specified limits + e, whereas p = 1 means that the error is entirely
outside the limits during the test period. Analytically, p can be ex-

pressed as follows:

p=2LT‘S;{sgn(|e'—eo)+l}dt (3)
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Fig. 3b Vector Diagram For a Third

Order System



or

=

r
p = TSO {Sgn(e—eo)+1}dt=

T
= sgn (e - eo) dt + 1 (4)
o}

A f

if the error is statistically symmetrical. (See Fig. 3.)

This index is practical because it represents an important factor
of the performance and is nondimensional. It may be difficult to subject
this performance index to analytical treatment; for the present purpose,
however, it serves as a convenient measure of an operator's perform=~
ance. The threshold e, was taken to represent about 10% of the total
width (+ 10 Volts) of the display oscilloscope. In the case where
error is of large amplitude and the system is in a state of hunting, an
estimation of the maximum error may be made by the experimental value
p and the definition of the performance index. In such a case the error
may be approximated by a sine function, say

E sin wt

Then, by the definition of the performance index,

© 27/ w
p = 1+§; X sgn(Esmwt-eO) dt (5)

If we can find the value of p from the record chart, we can evaluate the

amplitude E, the maximum value of error during the hunting. It is easily

seen that E is given by the following equation:

E = (6)

e
0
3
sm2 pt



As previously mentioned, the transfer function of the controlled
element is given the form

K
TS + 1)

(7)

s? (

For small values of T, this is considered nearly equal to the second

order element
£ (8)
S

For a larger value of T, the function may be approximated by

K
— (9)
783

The validity of these approximations depends on the frequencies, but
these serve as an observation of extreme cases. For a large value of

T, then, the gain of the element is small. Therefore, as has been ob-
served in some tests, it may be easier to control an element with rather
large time delay, unless K is also large. For the intermediate range of
T, it is expected that the increase in T and K both enhance the difficulty

of control, With these predictions, T was varied within the range of
T = 0.1 ~ 0.6

and K within the range
K = 0.5 ~ 8v

The values of the parameters given above make the control of the element

difficult enough for the operators that the test results give a variety of

~10~-



values of the performance index. This also means that the limit of
controllability in terms of the parameters of the element to be controlled
lies somewhere within these values, if the transfer function of the con-

trolled element is as given in this experiment.

Operators for this test were chosen from three categories. The
first, Group A (operators A1 and AZ) , contains driver-pilots, persons with
both licensed flying and driving experience. The second, Group B (opera-
tors B1 and Bz) , consists of persons with average driving experience.

The Third, Group C (operator C), is a non-driver. The ages of the opera-

tors range from 20 to 40.

Each operator manipulated the control stick for more than one
minute, attempting to keep the error signal within the specified limits
despite the disturbance that was fed in. As a rule, each operator was
given 25 different combinations of T and K, within the range of the para-

meters mentioned earlier,

The result of the test was recorded on a paper chart and the per-
formance index of each test run was measured on the chart. Performance

was measured for one minute within the actual test run period.

-11-




EXPERIMENTAL RESULTS

First, the performance index p was plotted against K, for each
value of T. Samples of such plottings are given in Figs. 4~ 9. An
approximate curve was drawn for each T, describing the plottings on
the K-p plane. The curves for some cases do not quite intersect the
experimental points, which is not surprising considering that a human
operator is involved in the experiment. However, the general trend is
apparent and it shows the obvious fact that the higher the K the more
difficult the control. Curves are not necessarily straight, and the value
of p tends to level off, which is again natural because p can never ex-

ceed unity.

In the same manner, for each value of K, the performance index
is plotted against T, the time constant, Here, the plotting is made from
the approximation curve drawn for K-p plottings. Samples of such curves
are given in Figs. 10~13. Obviously, the increasing T with K kept con-
stant appears to make the control more difficult. As mentioned earlier,

this is expected for a certain range of T.

Now, to see the relative difficulty of control due to the increase
in X and T, points of the same performance index were plotted on T-K
plane, with p now as a parameter. The results for three operators are

shown in Figs., 14 ~16,

These may be considered as a measure of the operators' adapta-
bility to parameter changes of the controlled element. Note that the shape

of the curve is nearly the same for different operators. The comparison

-12-



of the curves for three different operators is given in Fig. 17. The
nearer such a curve to the origin, the better performance the operator
has for this compensatingtask. Obviously, a driver~pilot produces a
curve much nearer to the origin than an ordinary driver or a non-driver.
Within the range of parameter values used in the presgnt experiment,

the increase in T and K appears to give nearly equal difficulty in the
task of compensating error, because the curve is nearly symmetrical

and hyperbolic of the form TK = const. Depending upon the performance
index required of a system of this type and the operator, one should be

able to determine the design limit of the element to be controlled.

~13~



DISCUSSIONS

Mathematically, instability corresponds to the divergence of
the controlled variable. In the experiment, it is difficult to cause actual
divergence and to confirm it. Besides, due to the nonlinear character-
istics of the control stick and other elements, the system will never be
entirely divergent. Hence, the state of hunting is what will occur
eventually when the control task is "difficult." In the experiment, there-
fore, only the degree of stability can be determined by an index such

as that used in the present experiment,

Transfer functions for the human operators have been obtained
for varied conditions of controlled elements. However, even in the cases
where noise is small and system parameters are constant, the operator
does not necessarily operate like a linear element. One of the operators
of the present experiment makes it a rule to give the stick frequent pulse
motions of nearly the same magnitude and duration, changing its frequency
according to the state of error. (See Fig. 18) For a swiftly varying error,
the same operator gives a large constant input to the stick depending on
the sign of the velocity of error. The former mode of control is similar to
a pulsed, three-position, on-off control, and the latter is similar to the
same with velocity input to the on-off element. These examples show
that the linear transfer function for the human operator is only an equiva-
lent linear expression of a very nonlinear element. Some other samples
of similar recordings are shown in Figs. 19 22, Figs. 18 and 19 compare
the control of two pilots. Fig. 18 is by an amateur pilot where Fig. 19

belongs to a professional pilot with 3000 hours' flight experience. It

-14-



appears that the professional pilot resembles a linear controller.

Figs. 20 and 21 show the transition from stable to unstable operations
by a small change in time constant. The operator can keep T = 0,2
under control but not T = 0.3. Fig. 22 shows one by a nondriver. Here

again the stick motion resembles an on-off element,

In the present experiment, the identification of the human
operator is made inairectly, in terms of the parameter values of the
element he controls. In the vector diagram, the controlled element
represents one that is unstable as shown in Fig. 3b. The fact that the
human controller keeps this system from diverging means that he pro-
vides some compensation to bring the vector locus to circumvent the
point -1 if he is a linear element, or he is in effect a nonlinear element
that can be given by an amplitude locus crossing the vector locus for
the controlled element at some finite point. In any event, it should be
possible to find a range of controlled element within which a human

operator can control the system with a reasonable stability.

Referring to the controlled element used in the experiment, the
modulus of the transfer function can be more simply approximated if T w
is either large or small compared to unity as previously noted. Since

K
0?1+ §Tw)

G =

the modulus of the transfer function can be approximated by

lc| =4 £ if Tw > >1 (10)

W

and

-15-




| =35, if T <<l (11)

The phase shift for either case is given by
Z G = tan--1 (-Tw) (12)

Now, from Eq. (10), the gain constant for the case where Tw>>1
decreases as the time constant T is increased. This alone would
generally make the controlled element more stable: therefore, one

might expect that, depending upon the specific values of the parameters,
the control of this element will become easier when T is increased.
However, there is also an effect of phase shift according to Eq. (12).
Thus, it is not readily apparent how the overall performance will vary

as T is increased.

-16-



CONCLUSIONS

An entirely different approach from previous investigations was
attempted in the present experiment. Instead of determining the trans-
fer functions of the human operator in a control system, the relation
between a performance index and the parameters of the controlled ele-
ment was sought. The results of limited experiments show that the
performance of operators can be represented in the parameter plane of
time constant and gain by a hyperbolic curve, its distance from the
origin showing the control ability of the operator and its general shape
indicating the operator's adaptability to the variation of the two para-
meters. If we specify an allowable value of performance index, we
may find the limitations on the element to be controlled. The present
approach may be applied also to the controlled elements with different
equations, such as

K
S (Tls + 1) (TZS + 1)

If we collect enough data on these and other cases, it would help in the
design of man~controlled systems, since we then would know what para-
meter limits for the elements to be controlled would permit a reasonable

degree of control.

The effect of changing the nature of the random noise, the display
device, and the manual control mode has yet to be studied. It is hoped
that the result given in this report indicates the possibility of such an
approach in the design or prediction of performance of man-machine

systems,
-17-



8.0 4

4.0 -

© T=0.1

2.0 A

Fig. 4 Operator B
8.0

1.0

N

<?///T=0.

/

N

0.0

0.0 0.2 0.4 p 0.6

Fig. 5 Operator Bj

-18-

L.0



* 8.0
{ 6.0 —@— 1/
4.0 V4N
) T=0{3
2.0 //
0.0
0.0 0.2 0.4 0.6 0.8 1.0

. , Fig. 6 Operator Bj

8.0

6.0 /

/
@
4,0 ]
/<T=O.4

K o

2.0 }//
- /@

Q@
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7 Operator Bj

-19-




T=0

.3

P
Fig. 8 Operator Aj

1.0

A

.0 0.

2

Fig. 9

0.4 0.6

p
Operator Aj

-20~

1.0




0.5
0
0.4
/
0.3
/OK=3.O
T
0.2 Vad
0.1 9-
0.0 0.2 0.4 p 0.6. 1.0
Fig. 10 Operator Bl
0.5
0.4 e
K=4.0
0.3
T
0.2 /
0.1 ‘////// o
0.0 0.2 0.4 0.6 1.0

p
Fig. 11 Operator Bl

-21~



o

/K=l.0

(¢

Fig. 13 Operator B1

P

-22-

.0 . 0.2 0.4 0.6 .8 1.0
p
Fig. 12 Operator Bl
/=2 0
.0 0.2 0.4 0.6 .8 1.0



0.7
!
1 0.6
0.5 \
T ) p=0.5
p=0.3
0.4
p=041
] o 3 \
\ \
(1]
0.2 \g
0.1
0.0 1.0 2.0 3, 4,0

Fig, 14 Operator B}

-23-




\
p=0.5
y
p=0.3
p=0.1
\
q
+ i&
1.0 2.0 4.0 5.0
K
Fig. 15 Operator B

~24~




.0 l'o

Fig.

16 Operator C

-25-




Bo

0.1 RN
. ‘\\\\\

0.0 1.0 2.0 K 3.0 4.0

Fig. 17 Comparison For Three Different
Operators

-2 6



J0IIF

€°0=1L 0°1 =23 ‘¢v aoczea=dp g1 814

I

|

PRUL ALV LAY w w#ﬂ«um RS,
N EREAE e wgw
T AT T
NN /\M A

Fos

g
T

SO
—y

R SO,

‘_N.‘-Q-..“ _N_M;?AM_‘*'«
N#L«,_"_; ~;L-.1_ /

1 i
g gas
ng aatt VO S0

&“T'N"‘"r" P e
b

brresd

Ay

sl

et

'L:;H-

72}
o

D]
M’Jw

e il Dt
Vet

s
S i
p!
|

1 @
s
-M-'*"M

gems—

ader

3 et TR
}AJ_'J//" Ml

sanlll M"'ﬁ-ﬁ-
L1 T"*F*,,_,
";-’.\
e [ :
oo Tt =

D

i}
—

—-——

oot

e RS SO S,

S

pa——
fooee

)

e L
P d

ana) SOUSY S ey
s
e

\N%

LN\ [t

L
N"“*o—a..‘_‘

e

»..S‘ﬂ b
a0

Mt
Q

R haaas Soo=e
-

R e SO0 BN N Y

B

et
el
[aas SN
]
it
My

-27-



€°0=I1I 0'1T=3 ‘ly acyeaedg 61 °814

BlePo i

% : *
[ | i

., s wwm
TIL
N,t::JITZ:

]

I
EERNEEEEERARRRR RN
EEENENENEEEN RN RN

Baes
Sl
!

/
¥
<
/

/
N

wm

A273S

A\
NB

-28-



€°0=1L 0°'s =X ¢lg aozeasdg oz -814

emely
gt
| ]
]
-
7
R
|
e
..-«*F"";
L
i

DS Lo al

=
S BRSO PR oy AR T
D

REEEY: ,;:.hu_ya,=7..“4~

—

!
—
—

Pl
DR Tk Saeny oo

~ﬂ-~§~&w~~*;f

N\N*MN

e
e

! Iy
QL
1 7

= rf

LT
i :
Higiunt i
e 0
Ha
Hikiita
Ly IR
Tt
[
T L]
ol ! i
Nﬁ""”h»—.
"t I
.

L
~]_ ] <
b SRS SR T

e
Iib
i
;,'
i
o
i
i
i
e
Ty
; il
'-"1’77'17«
[y
i
Fo]
T
I pas o

|t \\‘\\~

Lt Py
g

..-4/4 ‘N‘T\\‘N____- N D S S ,
PO Sy

k""/ h\., S

D

Lt
S B,

B\

N

—
i

ST

7

S
o s et

bt

zé

i
aans SE1
i
MN
R VeSSt OV O

e
]
]
o
e
5"**«-4;.._‘_&_‘
]

-29-



‘§§f”

I

'

‘""j’?-;-i-li.»..‘-
o i
i

b . ! d
Baa SREV I

i ]

A A O WOt
[ )"“"M*o : .

O

<

sl
2
Z
8]
W

inea

Lt o **—3-;.
T

|t

IEEEREN

. |t

MM»"

b

V

WM'Z

)

4‘,.-—-“""“

]
e A

IO sy il

| e

. ‘C‘J

T~

\

e St

\

]
Baat™ SU | USSR L e

L,
i
[ENEE B
Rasas

s RN

et

i

R

i
.
f{»ﬂh“-@‘ I

Sl
N“""‘*-H-a.‘

bl
S|
KE
R
|

[
el
B}

-30-




c'0 = 1L 0°C = X ‘0 aojeaadQ zgz 314

fﬁ

{1
ﬁ

o ,,J:a-f
e
i
_.“va«
?.‘
ﬂ";f“”
m‘T_
]

BEUNSTNERIANESS
7 W\W/MN M,ﬁxzm.@/ ‘Mﬁwwu
‘AR AR m BiRE
o ICARUARVENRE NS
/AREBRVONEEEENER
DERNESEEREERERE
INNEEREEENEN. ,ﬁm&o
LD WV WP e RN VAR L
AN EILE RN R e TR Y
ARSI IR
N IRRIREIELERERD I EERI NI R
. W e m i ]
IR /i YRR
JUT I B RINERIIEI
INRABLEEL AN/ ngﬁuwﬂs;om

~-31-



10 Vv CHART NO. RA 2921 30
L [ T T T
{/[l///;//f?///f//!/l/f//f/l!l{

L
r
0 x M O i P A N P PN
\
\

A 4 AT va /y/ AR

W
IBBWE

SIS \ I
\\\\\\\\'—\—\—\ldéec\oﬁdé—\——\\\\\\
pov il LAV EL VPV VPV VTV VT

Fig. 23 Sample Of The Random Noise

-32-~



REFERENCES

1.

Sheridan, T. B., "The Human Operator in Control Instrumentation, "
Progress in Control Engineering I, Heywood & Co., London, 1962,

Reswick, J. B., "Determination of System Characteristics from
Normal Operation Records, " Trans, A.S.M.E., Vol. 78, 1956.

Kuehnel, H. A., "Human Pilots' Dynamic~Response Characteristics
Measured in Flight and on a Nonmoving Simulator, " NASA TN D-1229,
March 1962,

Adams, J. J., "A Simplified Method for Measuring Human Transfer
Functions, " NASA TN D-1782, April 1963.

Young, L. R., et al., "The Adaptive Dynamic Response Characteristics
of the Human Operator in Simple Manual Control, " NASA TN D-2255,
April 1964.

Cole, G. et al., "Study of Pilot-Controller Integration for Emergency
Conditions, " RTD-TDR-63-4092, Wright-Patterson Air Force Base,
Ohio, January 1964.

-33~



